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ABSTRACT. Acetogenic bacteria contain acetyl-CoA synthase (ACS), an enzyme with two distinct-nickel
iron—sulfur active sites connected by a tunnel through which CO migrates. One site reducts@Q)

while the other synthesizes acetyl-CoA from CO, CoA, and the methyl group of another protein (CH

CP). Rapid binding of C@and a two-electron reduction activates ACS. When CoA and-&HP bind

ACS, CO is rerouted through the tunnel to the synthase site, and kinetic parameters at the reductase site
are altered. Under these conditions, the rates of e@uction and acetyl-CoA synthesis are synchronized

by an ordered catalytic mechanism.

Multifunctional enzymes catalyze different types of reac- lyzes two reactions (1 and 2), one of which is the reversible
tions at spatially distinct active sites. If a product generated reduction of CQto CO using low-potential reductants such
at one site is a substrate for the other, a solvent-inaccessibleas reduced methyl viologen (MV) (8):
tunnel in the protein is often found to connect the two sites
and serve as a one-dimensional pathway for transporting or CO,+ 2H" +2MV*" =CO+ H,0+ 2MVZT (1)
channeling the intermediate. Intra- and interenzyme chan-
neling of metabolites in cells may be more common than is _cptt —
currently realized X). CO+ CHg=CF™ + CoASH

The best-studied tunnel-containing enzymes belong to the CH,C(0)SCoA+ CP" " + H' (2)
amidotransferase family and are involved in amino acid
(1—3) and de novo purinedj biosynthesis. Ammonia, indole, The C-cluster active site for this reductase activity is a
carboxy phosphate, and carbamoyl phosphate migrate througiNi—Fe—S-containing cluster located in th& subunit (9).
solvent-inaccessible tunnels in these enzymes. Multifunc- The X-ray diffraction crystal structure of an enzyme (from
tional enzyme mechanisms include not only reactions oc- Carboxydothermus hydrogenoformargmologous to the
curring at each active site but also the means by which the 3, dimeric unit of ACS has just been reporteiD).
sites interact. Many mechanistic aspects of these compleX The other reaction catalyzed is the synthesis of acetyl-
enzymes have been elucidated. However, because of dif-CoA from CO (or CQ and 2M\A*), Coenzyme A, and a
ficulties in selectively inactivating particular sites and in  methylated corrinoid-irorsulfur protein (CH—CP). The
monitoring intermediates in real-time, important details of methyl group of CH—CP is transferred from CHTHF in
active site interactions remain unexplored. In this study, the 3 reaction catalyzed by a methyltransferase (MT). The
catalytic mechanism of a relatively simple tunnel-con- A-cluster active site for this synthase activity is a different
taining enzyme for which such difficulties are overcome is Nj—Fe-S cluster located in thet subunit ©). The two
examined. clusters are magnetically isolated and undoubtedly separated

Acetyl-CoA synthase (AC$ is found in evolutionarily ~ py >10 A (10, 11). A symbolic representation of ACS is
primitive archaea and bacteria, many of which are anaerobicgiven in Figure 1. CO can be trapped with hemoglobin (Hb),
thermophiles that grow chemolithoautotrophically on simple g rapid and tight binding “CO sensort%). During the ACS-
inorganic molecules (CO Hz, N etc.) 6—7). ACS from  catalyzed synthesis of acetyl-CoA using £é&nd MVA*
Clostridium thermoaceticurts anazf, tetramer that cata-  rather than CO as substrates, the presence of Hb does not
inhibit catalysis, indicating a solvent-inaccessible molecular
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1 Abbreviations: ACS, acetyl-CoA synthase, also known as CODH, ~ ACS, CP, and MT, purified fromC. thermoaceticum
carbon monoxide dehydrogenase; ph&€CS, ACS treated with (ATCC 39073) cell pasteld, 15), have molecular weights

1,10-phenanthroline and lacking labile Ni in functional A-clusters; CN- :
ACS, ACS treated with cyanide ion and with CNbound to the of 154 700 (6), 89 000 (1), and 57 28018), respectively.

C-cluster; CoA, coenzyme A; THF, tetrahydrofolate; Mv, methyl Buffers had CQconcentrations of-5 uM (14). MV*" was
viologen; CP, corrinoid iron sulfur protein; MT, methyl transferase.  prepared enzymaticallyi§). Concentrations of stock GH
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Ficure 1: Symbolic representation of ACS. The large ellipse E
represents ACS, with the C-cluster on the left, the A-cluster on the 7
right, and the tunnel in the center. The crescent and small ellipse &
indicate CP and CoA, respectively. “Ni Fe” and “Ni D” designate <
the C- and A-clusters (“D” represents the D-site) of ACS, while
“Co” represents the cobalamin in CP.
THF (19, 20) and CoA 1) solutions were calculated using B
their extinction coefficients. The Henry’s Law constant for :
CGO; at 30°C is 31 mMatnt? (22). 0.8/
Different combinations of 50 mM MES pH 6.3 buffer, g 07
CH;—THF (2.0 mM), CP, MT, M\t (1.0 mM), Hb (17 £ 06
uM 082), CO, and CQwere prepared in a reaction vessel g 05]
(13) and transferred via a needle-to-Luer-tip adaptor to one @ 04
syringe of a stopped-flow (SF) system (Hi-Tech SF-61 DX2 < 03]
Double Mixing System) located inside of a glovebox (MJ 02
Braun) maintained at-1 ppm Q. To the other SF syringe 0.1
was added different combinations of buffer, CoA (1.0 mM), 00— T 480 500 540 580 620 660 700
DTT (50uM), and ACS. The concentrations mentioned here Wavelength (nm)
and in the text are final values after mixing equal volumes 230 — C
from each SF syringe. Prior to reaction, solutions inside of ~ 210| EEMV™ utilization

the water-jacketed SF syringes were incubated for 10 min < 190 [ [ €O production

at 30.0+ 0.1 °C in dim light. SF data from 2 to 3 shots & '7°

150
were averaged. 130

RESULTS AND DISCUSSION

The apparenk.: and K, for CO; in the ACS-catalyzed
synthesis of acetyl-CoA are 20D 30 min ! and 380+ 40
uM, respectively, as determined previously by monitoring 10
the production of acetyl-CoA at pH 6.3 and in the presence
of MV1* and the “synthase substrates” (CoA and;EBP) |
(14). An equivalent experiment was performed in the absence g re 2: Photodiode-array time-resolved spectra of stopped-flow
of the synthase substrates, causing ACS to catalyze only thesolutions of ACS in reductase (A) and synthase (B) modes and a
reduction of CQ to CO. In this “reductase mode”, the bar-graph comparison of M¥ utilization and CO production under
apparenkcy and Ky, for CO, were 37+ 4 min~t and 7000 g(i)f‘;]et;e,r?ﬁn Co&gjﬁogﬁd(f_‘)b wagar?ezlcté,d a iﬁn&:gjsrazgfav?o%on

: ; g ; ini aof).
+ 1?90HM’ rgspectlvely, as det.ermmed by monitoring either Selected gspectra were acquired at 73.5 s intervals, with the first
MV utilization or CO production (data not shown). These 4t 075 5. Conditions in panel B were identical, except that
kinetic parameters are substantially different from those CH;—THF, CP (30uM @), and MT (10uM «y) were added to

obtained when ACS operates in “synthase mode”; &g/, the CGQ/MV/Hb syringe and CoA was added to the ACS syringe.
K differs by ~100 fold. In panel C, rates of CO production and MVutilization were
. S . determined in the presence of different combinations of ACS, CoA,
Similar kinetic values were obtained when Hb was cp,—THF (“CHy"), CP, and MT, as indicated by the boxes under
included under reductase conditions, discounting the pos-the bar-graphs.

sibilities that the rates differed because CO accumulated with
ACS in reductase mode and that this built up inhibited neously in steady-state assays containing Hb and various
catalysis. Rather, the shift in the G®inetic parameters at  combinations of synthase substrates (Figure 2)—AC
the C-cluster was probably triggered either by the binding coupling, as indicated by the increased rate of WMV
of one or both synthase substrates at or near the A-clusterutilization, occurred only when both synthase substrates were
or by a step in the synthase mechanism occurring after thatincluded (Figure 2C), suggesting that the trigger is either
binding. The triggering event then propagated from the the simultaneous binding of the synthase substrates or a
vicinity of the A-cluster to the C-cluster via a protein mechanistic step in the synthesis of acetyl-CoA.
conformational change. The triggering, propagation, and shift  Also correlated with coupling was the cessation of CO
in parameters will collectively be calledd — C coupling production, as evidenced by the absence of-B forma-

To determine whether the trigger forA C coupling was tion when the enzyme operated in synthase mode (Figure
the binding of one or both synthase substrates, rates of CO2B,C). Thus, A— C coupling reroutes CO. Uncoupled ACS
production and MV" utilization were measured simulta- reduces C@and releases CO into solution. Coupled ACS

Rate (LM min
2
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FiGURE 3: Analysis of CP binding to phen-treated ACS. Phen- 410 415 420 425 430 435
treated ACS Z3) was used in SF reactions. Conditions were as Wavelength (nm)

described in Figure 2B, except that @HCP was varied from O to
60 uM af. As expected, the pherACS sample had no synthase
activity but had CO oxidation activity typical of native enzyfe.

FicurRe 4: Pre-steady-state formation of CO as ACS converts from
reductase to synthase mode. Solutions were identical to those
described in Figure 2B, except that ACS and MT concentrations

. were 20uM and 17QuM ay, respectively. Hb Soret bands were
transports the C-cluster-synthesized CO through the tunnelmonitoggd. ob WM oz, resp Y

to the A-cluster for use in acetyl-CoA synthesis. The results

in Figure 2 also reveal that there is no “leakage” of CO from and it suggests that under these conditions, pi#eS is

the enzyme in synthase mode. Thus,-A C coupling unable to reduce CQo CO. On the other hand, the increased

synchronizes the rates of the two catalytic reactions occurring utilization of MV** was unexpected, as pheACS is unable

at different clusters and locations in the enzyme. to synthesize acetyl-CoA. The maximum rate of MV
The rate of reductase catalysis was also determined byutilization corresponds tke.; ~ 130 mirr* and is probably

monitoring Hb-CO formation (Figure 2C). As expected, the due to the unidentified redox reaction alluded to above. This

rate was similar to that obtained by monitoring the utilization experiment reveals that ACS need not actively catalyze the

of MV, In contrast, the appareri.; for acetyl-CoA synthesis of acetyl-CoA to be A- C coupled and in the

synthesis (i.e., under synthase conditions) calculated fromsynthase mode; coupling simply requires that both synthase

MV I+ utilization (350 min?) was substantially faster than ~ Substrates bind to ACS. However, the Ni also appears to be

that obtained by measuring the formation of acetyl-CoA (200 involved, since under identical conditions with native ACS,
min~1). This suggests that A~ C coupling activates an N0 CO would have been made. This experiment also suggests
unidentified redox reaction (with an appareqt; ~ 150 that the unidentified MV*-utilizing redox reaction is acti-
min~1) in which MV* is the reductant but neither CO nor Vvated when the enzyme is A C coupled and that this
acetyl-CoA (nor H)? are products. reaction is not involved in CO or acetyl-CoA formation.

Treating ACS with 1,10-phenanothroline (phen) removes ~ Small amounts of CO6 uM) were formed in pre-steady-
the Ni ion of the A-cluster and selectively inactivates the state assays when native ACS and synthase substrates were
synthase activity43). This process appears to have little mixed (Figure 4), and this allowed the rate at which ACS
affect on the gross structure of the enzyme, as the reductas€onverts from reductase to synthase mode to be estimated.
activity, the spectroscopic features of the other clusters in Assuming that [AC3 — [ACS{ is a first-order process
the enzyme, and the ability to bind CoA are unaffected. defined by rate-constari s, the time-dependence of CO
Moreover, incubating pherACS in NiCl, reinserts Niinto ~ formation is given by eq 3:
the apo-A-cluster, restoring synthase activity and spectro-
scopic features of the native A-Cluster. _ [COJ, = kcatfr[ ACS].o — kcatfr[ ACSr]tzoeikHSt 3)

When pher-ACS was used in the synthase assay lacking K—s K—s
CHz;—CP, rates of CO production and MV consumption . .
were essentially the same as those obtained with native ACSKear IS the apparenta: for CO, reduction under the
operating in reductase mode. However, at increasing conditions employed (15.5 mM Gij calculated to be 25
[CHs—CP], the rate of CO production declined while the Min~*. At infinite time, k—s = ket [ACS]o/[COi—,
MV * consumption rate increased (Figure 3). An apparent Suggesting thakt—s ~ 80 min™ (25 min™ x 20uM/6 uM).

Kq of 24 uM for the binding of CH—CP to pher-ACS CO was produced at a linear, steady-state rate in ac-
was calculated from the plot of [CO] production versus cordance with an apparent first-order rate constant of 40
[CHs—CP]. More importantly, at infinite [Ck-CP], the ~ Min"* (Figure 5, panel 1A), and as expected, MVwas
calculated rates of CO production and M\ttilization were ~ Oxidized at essentially double that ratepp = 70 min;

~ 6% and~200%, respectively, of the equivalent values Figure 5, panel |, C). In the first 100 ms of the reaction
for native ACS in reductase mode. The absence of CO pro-(Prior to achieving steady state), no CO was detected.

duction characterizes native ACS operating in synthase mode However, during this pre-steady state period, approximately
2 equivb of MV were utilized in accordance with a

h vy i _ AR
2Using a reaction vessel containing 0.5 mL of headspace, 7 mM maximum first-order rate-constakis= 1100 mir* (Figure

MVt 4 mM CHs—THF, 4 mM CoA, 10uM MT, and 10uM ACS, 5, Panel l, B—D) The magnitude of this “burst” in MY
no H, was detected by GC in the headspace after 30 min reaction.  utilization was linearly proportional to the ACS concentra-
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FiGURE 6: Comparison of pre-steady-state MVutilization by
ACS, pher-ACS, and CN-ACS. CN-ACS (17) had 3% CO
oxidation activity relative to native ACS. Other conditions were
the same as those described in the Figure 2A except that Hb was
absent and [ACSE 20 uM af. The reaction was monitored at
P TN N 665 nm. The steady-state rate of Mvutilization after the burst

000 025 050 075 100 125 150 corresponded to-1% of that observed using native ACS, indicating
that CN-ACS was essentially fully inhibited during and after the
burst.
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Increasing
CO,

Time (s)

reductase mode (700@M), this reaction almost certainly
II does not correspond to substrate binding in the reductase
catalytic mechanism. The apparent first-order rate constant
associated with the burst did not change significantly with
changes in either [ACS] or [C Thus, the burst reflects a
very rapid, multielectrom = 2 (or n = 4)3, CO,-dependent
reduction of ACS. The C@dependence indicates that €O
binding precedes and facilitates reduction. The burst reactions
yield either a CO-bound form of ACS, or a GOound form
0 in which another site (possibly the D-site, ref 24) has been
0 100 200 300 400 500 reduced. o _
[CO;] (uM) A burst reaction with the same magnitude could also be
. _ detected when ACS was in synthase mode, but the rate was

FIGURE 5: Pre-steady-state analysis of CO production and'MV

utilization in the reductase mode (Panel 1) and,@@pendence of influenced by the MT C(_)ncentra_tlon, and the apparent first-
the kinetic burst intensity (Panel Il). Solutions were identical to Order rate constant varied consideraliy.& = 2001000
those described in Figure 2A except that [ACS] or {P@as varied. min~1). The burst was faster than the rate-determining step
Panel I: (A) Formation of HbCO (monitored at 419 nm) using  of the reductase mechanism, and given the time required for

20uM ofs ACS. (B-D). MV" utilization at [CQ] = 16 mM and the system to convert from reductase to synthase mode, it
ACS concentrations of 10 (B), 20 (C), or 35 (BM ap. (E—1). Y y ’

MV utilization at [ACS]= 20 uM o8 and CQ concentrations should glso_prece_de th_e synthase reactions.

of 10 (E), 50 (F), 150 (G), 300 (H), or 500 @M. Other conditions Cyanide ion binds tightly to an Fe of the C-cluster,
were as in Figure 2A except that Hb was absent. Solid lines are blocking reduction of this cluster and inhibiting reductase
simulations generated by fitting the equatitias = /3 exp(—kt) + activity (25). Nevertheless, CN-inhibited ACS (CMCS)

mt + c to the data. In this equatiof,is the burst magnitudeé is i P ; ; ;
an apparent first-order decay constant (equat-1400 mir? for exhibited an initial burst in MV¥" consumption (Figure 6),

B—D and 400-700 mirr® for E—1), |m is the steady-state slope, with a magnitude equivalent to that obtained_ u?ing native
and ¢ is the offset. Panel Il: Normalized burst magnitugg)(  ACS (albeit at a 400-fold slower ratksp,= 2.5 mirr?). This
plotted vs [CQ]. Solid line was generated from the equatjiy= experiment reveals that the site reduced during the burst

Bn-ma{CO/{[CO7] + Kq}. is not the C-cluster and that the C-cluster need not be
redox active for the burst reactions to occur. However, the

tion, and it fit to a slope of 1.5 equiyp ACS. The  c_clyster appears to be involved in the kinetics of these
normalized burst magnitude also increased with increasing processes. PherACS also exhibited a burst in My

[CO] (Figure 5, Panel I, El), and a plot of these data was gjlization, with a magnitude- 40% that of native enzyme
fitted by a simple binding isotherm witKg = 170 &+ 40

#M and a maximal burst of 2.5 0.4 electronsi (Figure 3 Due to the heterogeneity of ACS, onty50% of the enzyme is

S5, Pa_me| ). Since thiKq for CO; binding in the_ burst functional @2, 23). Correcting for this increases the number of electrons
reactions was so much smaller than #gfor CO; in the by a factor of 2.

by = n
o o0 o
L

Size of burst (e7off ACS)
o
o
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Ficure 7: Unified ACS reductase/synthase catalytic cycle. ACS in the inactive, reductase, and synthase modes is colored gray, yellow, and
lavender, respectively. The tunnel is black when the active sites are uncoupled, purple when they are coupled. The bindiagdf CO
subsequent reduction activates ACS. The reductase catalytic cycle is enclosed in the yellow oval and involves redudtiodinGCand

release of CO (the order indicated is likely but not established). The synthase mechanism is shown on the green background, and involves:
(i) the binding of synthase substrates; (ii) the methyl group transfer reaction; (iii) the C-cluster reductase steps (highlighted by a light-green
background); (iv) CO migration through the tunnel to the A-cluster; (v) CO insertion into a Ni-methyl bond; vi) reductive elimination by
CoA; and (vii) formation of the product (again, the indicated order is likely but not established).

and at~ 1.7 times the native rate (Figure 6). This indicates nistic steps vary with substrate concentrations, fortuitous
that the burst reaction depends on the presence of the Ni ofsynchronization would occur only at a particular set of
the A-clustert substrate concentrations. In contrast, we found that the rates

In summary, our study reveals that a £@ependent are synchronized under all conditions examined. Thus, we
reduction event activates ACS for catalysis. In the absencefavor the latter case, as implied by the mechanism of Figure
of the synthase substrates €HCP and CoA, active ACSis 7. The only apparent way to render the synchronization
in reductase mode, where it reacts with 2M\and CQ to obligatory is to require that the synthase mechanism occur
produce and release CO. If the synthase substrates ardy an ordered sequence of steps, beginning with the binding
present, they dock onto ACS, triggering conversion to of synthase substrates. We propose that these substrates
synthase mode. Triggering reroutes CO through the tunnelremain bound during catalysis and that this maintains ACS
to the A-cluster rather than releasing it into solution, alters in the synthase mode (the homologous ACS subunits found
the CQ kinetic parameters at the C-cluster, and activates in Methanosarcina barkeréare isolated as a stable complex
an unidentified redox reaction that consumes WVlhese with CP and MT 26)). Another issue requiring further
events are illustrated in Figure 7. investigation is whether ACS returns to reductase mode after

We were intrigued that the rate of CO production is each synthase cycle (essentially oscillating between modes
synchronized with that of acetyl-CoA synthesis when ACS with each catalytic cycle). The mechanism of Figure 6 im-
is A — C coupled. Are the two rates are fortuitously plies this, but it is also possible that ACS in synthase mode
synchronized, or does the synthase reaction require synchrodecays back to reductase mode at a rate that is slow relative
nization of rates? Given that the rates of numerous mecha-to the k. for acetyl-CoA synthesis. It appears a distinct
possibility that ordered mechanisms are generally required
4 Phen treatment appears to remove Ni ions only from A-clusters in t0 Synchronize the coupled active sites of multifunctional

functional o8 dimers. Thus, the residual burst magnitude may arise tunnel-containing enzymes.
from nonfunctional dimers.
5 Phen-ACS had 440t 40 unitsmg~* CO oxidation activity, 0.03 REFERENCES
unitsmg ! synthase activity, and 0.01 sping/ NiFeC EPR signal.
The respective values for the corresponding native sample were 410 1. Pan, P., Woehl, E., and Dunn, M. F. (1997gnds Biochem.
=+ 50 unitamg™?, 1.5 unitamg™?, and 0.35 spins/f. Sci. 22 22—-27.
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